Determining the mechanisms responsible for the distribution of genetic diversity in natural populations has occupied a central role in molecular evolution. Our study was motivated by the unprecedented observation that a widespread Eurasian flycatcher, Ficedula albicilla, exhibited no variation at the mitochondrial DNA (mtDNA) ND2 gene in 75 individuals sampled over a 5000-km distance. In contrast, its sister species, F. parva, had low but considerably higher levels of mtDNA variation. We assessed whether natural selection or demographic factors could explain the absence of mtDNA variation in F. albicilla. Eighteen nuclear genes were sequenced to estimate the two species' phylogeographic histories, and for comparison to the mtDNA data. Multilocus coalescence analyses suggested that F. albicilla experienced a population expansion perhaps following a population bottleneck. Simulations based on this demographic history, however, did not replicate the extremely low level of mtDNA variation. Historical range changes based on ecological niche models also failed to explain the observed mtDNA patterns. Neutrality tests (DHEW and ML-HKA) suggested a non-neutral pattern in the mtDNA of F. albicilla. We found a transmembrane-skewed distribution of nonsynonymous substitutions between the two species, three of which caused functional change; the results implied that positive selection could have targeted mtDNA. Several lines of evidence support selection rather than demographic history as the main force influencing the patterns of mtDNA variation. Despite the influence of natural selection, many of the phylogeographic inferences derived from mtDNA were robust, including species limits and a high level of gene flow among populations within species.
INTRODUCTION
Whether the distribution of genetic variation is best explained by neutral or selective forces has fueled an extended debate in evolutionary biology (Hughes, 2007; Hahn, 2008) . The neutral theory predicts that most genetic variants have few or no effects on fitness, and thus genetic variation is a function of mutation rate and population size (Kimura, 1983) . Some authors argue that positive (or adaptive) selection is widespread and that the predicted relationship between population size and genetic variation is rarely observed (for example, Hahn, 2008) . Many authors have inferred that positive selection influences many genes, particularly mitochondrial DNA (mtDNA; for example, Bazin et al., 2006; Bensch et al., 2006) . If true, estimates of phylogeographical history based solely on mtDNA could be biased (Edwards and Bensch, 2009) . Genetic variation at the population level can be influenced by demographic factors, selective factors or both. For example, population bottlenecks can reduce genetic variation through reducing population sizes and facilitating genetic drift (Nei et al., 1975) . Similarly, selective fixation of a beneficial mutation can abruptly reduce genetic variation in a gene and genes linked to the targeted gene via hitchhiking (selective sweeps; Maynard-Smith and Haigh, 1974) . Although theoretical work for each of these factors is well developed, disentangling the two confounding factors from empirical data remains challenging.
The influence of demographic history should be observed genomewide, whereas selection is more likely to affect different regions of a genome independently (Hudson et al., 1987) . Therefore, comparisons of genetic variation across unlinked genes have been used to test for departures from neutrality. However, stochastic coalescence or mutation processes can result in seemingly inconsistent variation among genes even under neutrality (Rosenberg and Nordborg, 2002) . Thus, empirical comparisons should take into account such stochasticity to prevent biased inferences. In addition, demographic and selective factors could work in concert to shape the genetic variation of populations or species. Therefore, understanding the confounding effect of demographic history is essential to assess the effect of selection on observed patterns of genetic variation in nature.
mtDNA variation in two sister species of Old World flycatchers, Ficedula albicilla and F. parva, was studied to evaluate the potentially confounding influences of demography and selection in shaping observed genetic variation. found that 75 out of 75 F. albicilla individuals, sampled across its breeding range spanning around 5000 km, shared the same ND2 haplotype based on entire gene sequences (1041 bp). On the other hand, they found five ND2 haplotypes among 16 individuals of its sister species, F. parva. This discordant pattern raises the question of whether the different patterns of mtDNA variation are caused by different demographic histories or natural selection. If selection is the driving force, another question is whether selection influences mtDNA directly or indirectly via hitchhiking. In this study, we estimated the demographic histories of the two study species based on 18 nuclear genes, and then used the estimated histories to simulate neutral expectations to test mtDNA diversity for departures from neutrality. Furthermore, we applied neutrality tests, protein structure modeling and ecological niche modeling (ENM) to explore other influences on observed mtDNA variation. Three questions were addressed. First, we examined whether the two sister species experienced different population dynamics. Second, we tested whether the pattern of mtDNA variation departed from neutral expectation by accounting for species' demographic history. Finally, we determined whether positive selection might have eliminated most of the mtDNA variation.
MATERIALS AND METHODS

Sequence data collection and analyses
ND2 sequence data (1041 bp) for 16 F. parva and 75 F. albicilla (NCBI accession numbers EU326696-326786) were used from the study by study, in which F. albicilla samples were referred to as F. parva (The two species were considered the same species). The ND2 sequences of one F. parva from Sweden were downloaded from GenBank (NCBI accession number GU358799). used two primer pairs to amplify and sequence ND2 to insure the authenticity of the mitochondrial sequences. We further checked mitochondrial authenticity in two ways: (1) using long PCR to amplify about half the mtDNA genome from ND6 to COI (around 8000 bp) or a fragment from 16S to COI (around 4000 bp) and then sequencing ND2, and (2) sequencing two other mtDNA genes, Cytb and COI (see Supplementary Materials for the PCR and sequencing protocols for mtDNA). The Cytb (1026 bp) gene was sequenced for 15 F. parva and 25 F. albicilla (Table 1) . The Cytb gene of one F. parva from the Czech Republic was downloaded from GenBank (NCBI accession number AJ299689). The COI (1551 bp) gene was sequenced for 16 F. parva and 26 F. albicilla (Table 1) .
We sequenced 15 autosomal and two Z-linked introns (Friesen et al., 1999; Shapiro and Dumbacher, 2001; Primmer et al., 2002; Backström et al., 2006 Backström et al., , 2008 Kimball et al., 2009) (Table 1) . We collected 13-24 allele copies in the 17 introns for each species (mean ¼ 18.5 for F. parva and 22.2 for F. albicilla; Table 1 ). Sample localities are given in Figure 1 and Supplementary Table 1 .
The phases of sequences containing indels were sorted manually by subtracting chromatogram peaks upstream of the indel in the reverse primer sequences from the double peaks downstream of the indel in the forward primer sequences; this process was repeated in the alternative direction (SousaSantos et al., 2005) . The lengths of indels could also be determined by this approach. Multibase indels were collapsed to single-base polymorphisms for further analyses.
The allelic states of individuals with multiple heterozygous sites but no indels were resolved using PHASE 2.1.1 (Stephens et al., 2001) . Homozygous genotypes and genotypes with single heterozygous sites or with indels were set as known alleles to improve the performance of PHASE analyses. The phases of some sites could not be estimated confidently at 90% posterior probability. The phases of these ambiguous sites were resolved using Clark's (1990) parsimony algorithm. Intra-locus recombination rates were estimated using a Bayesian method (Li and Stephens, 2003) implemented in PHASE 2.1.1. A background recombination rate and the recombination rates between two polymorphic sites were estimated and portrayed as 5000 sampled points from the posterior distribution. The factors by which the estimated recombination rates exceed the background rate were calculated, and the upper and lower bounds of 95% credible intervals of these values were recorded. If one or more estimated values were significantly larger than one, it meant that there was significant recombination occurring between the corresponding sites (Hung et al., 2012) . Otherwise, we assumed no intra-locus recombination.
DnaSP 5 (Librado and Rozas, 2009 ) was used to compute nucleotide diversity (p; Nei, 1987) for each species and nucleotide distance (D; Nei, 1987) between the two species for each gene.
Allele networks
NETWORK 4.5.1.6 (fluxus-engineering.com) was used to generate a minimum spanning allele network for each nuclear gene to reveal the pattern of divergence between F. parva and F. albicilla.
Demographic and divergence history
The program IMa (Hey and Nielsen, 2007) was used to estimate the effective population sizes of two species and their common ancestor, migration rates and divergence times between the two species. A minimum of 2 Â 10 7 steps after a burn-in of 10 6 steps were performed for each analysis. Plots of trend lines and effective sample size values (ESS 4250) were examined to assess convergence in parameter estimates. In addition, at least two independent analyses were performed to assure convergence. The IMa analyses were applied to all 17 introns combined. To convert the scaled demographic parameters of IMa, we calculated the geometric mean of the substitution rates of these 17 loci by multiplying the sequence lengths by 1.35 Â 10 À9 substitutions per site per year for autosomal introns (Ellegren, 2007) , and 1.6 Â 10 À9 substitutions per site per year for Z-linked introns (given the mean divergence of Z-linked introns between chicken and turkey is 1.2 times higher than that of autosomal introns (Ellegren 2007) . The generation times of the two flycatcher species were set at 2 years because most male birds do not breed until the red throat or breast patch is attained after the second year (Mitrus, 2006) . Additional IMa analyses were applied to two other data sets, one contained the 17 introns plus the exon and the other contained 15 introns excluding two introns (00132 and ABCA1), each of which was fixed in one species (see Results).
Although IMa can reconstruct divergence history between sister species by considering multiple demographic parameters, it cannot reveal chronological population dynamics owing to the assumption of no population size change since divergence. To complement the IMa results, we applied the Extended Bayesian Skyline Plot (EBSP) method (Heled and Drummond, 2008) implemented in BEAST v1.6.1 ) to estimate population size changes through time. However, EBSP can only trace the history of one species per analysis, not coalescence between sister species. Thus, integrating IMa and EBSP results can provide a better picture of species' divergence and demographic history. The data sets used for the EBSP analyses were the same as those for the IMa analyses. Unlinked substitution estimates based on jModelTest (Posada, 2008) were assigned to each nuclear gene. The strict molecular clock model was used as it generally considered a better fit with analyses at the intraspecific level (Yang, 2006; Bisconti et al., 2011) and it helps to avoid over-parameterization (Thalmann et al., 2013) and thus facilitates convergence of the analyses. A locus that evolves at the fastest rate or is the most divergent was set as the reference locus to calibrate time and population sizes. ADAMTS6, a Z-linked intron, with a substitution rate of 1.6 Â 10 À9 substitutions per site per year and 15743, which had high p values in both species (see Table 1 ) with a substitution rate of 1.35 Â 10 À9 substitutions per site per year, were used as the reference loci for separate analyses to test for the effects of different reference loci. Each EBSP analysis included a MCMC chain of 500 million steps, which were sampled every 50 000 steps, and the first 25% of the steps were discarded as burn-in. Trace plots were checked using TRACER v 1.5 to assess convergence in MCMC analyses and three independent runs were performed to assure convergence in estimates. If the 95% confidence interval (CI) of the number of size-change steps excluded zero, we concluded that significant change(s) in the population size of the focal species had occurred.
Modeling current and historical distributions of the two species
ENMs can predict historical range change of species independent from genetic data. Locality records for breeding birds from each species were obtained from specimen records and ORNIS2 (http://ornis2.ornisnet.org); duplicate records were eliminated. ENMs were constructed using Maxent v3.2.2 (Phillips et al., 2006) for both species at the present, the Last Glacial Maximum (LGM, 21 000 ybp, CCSM model) and the Last Interglacial (LIG, 120 000 ybp). Climatic data (19 layers) were obtained from the Worldclim bioclimatic database (Hijmans et al., 2005) . On the basis of an initial Maxent run of three replicates, climate layers contributing 5% or more to the model were selected, and the analysis was re-run using these layers. The final niche model was based on the average of five Maxent runs and plotted using DIVA-GIS v7.1.7.2 (Hijmans et al., 2004) . The goal was to determine whether the range of F. albicilla was severely contracted at the LGM, which could have led to a bottleneck.
Compound neutrality tests
The DHEW neutrality test (Zeng et al., 2007) , which is robust to demographic history, is a compound test of Tajima's D (Tajima, 1989) , Fay and Wu's H (Fay and Wu, 2000) and Ewens-Watterson test (Watterson, 1978) and was used to detect positive selection on mtDNA. We applied DHEW tests implemented in the DH program (http://zeng-lab.group.shef.ac.uk/wordpress) to concatenated Figure 1 Breeding ranges of F. parva (dark gray) and F. albicilla (light gray) and distribution of samples sequenced for mtDNA and/or nuclear genes. Black circles indicate the localities where sample(s) were sequenced for mtDNA. Circles with black and white colors indicate the localities where sample(s) were sequenced for both mtDNA and nuclear genes. sequences of ND2, Cytb and COI because the DHEW test relies on segregating sites (S) but F. albicilla's ND2 was invariant and its Cytb (S ¼ 2) and COI (S ¼ 1) provided little variability (see Results). One sequence from each of the two species was used as the outgroup for the other. The significance levels of tests were determined through 50 000 simulations.
Multilocus neutrality tests
Maximum likelihood multilocus Hudson-Kreitman-Aguade (ML-HKA) tests implemented in the MLHKA program (Wright and Charlesworth, 2004) were used to test the neutrality of the mtDNA, the exon and two introns 00132 and ABCA1 that were fixed in F. albicilla and F. parva, respectively. This test is revised from the standard HKA test (Hudson et al., 1987) and provides a test for selection at specific loci (Wright and Charlesworth, 2004) . We performed likelihood ratio tests by assigning the remaining 15 introns to a neutral gene set, which was supported by the standard HKA test (P ¼ 0.415), against each individual candidate gene (that is, ND2, Cytb, COI, a concatenation of the three mtDNA genes, Mc1r, 00132 and ABCA1). The likelihood ratio tests compared a model considering the candidate gene under selection with a null model assuming that all 16 genes were neutral (degrees of freedom ¼ 1). Each of the two species was used as the outgroup for the other. All runs included 500 000 cycles of Markov chains and two independent runs were performed for each model to check for the convergence of likelihood scores.
Testing mtDNA neutrality using simulations
To test whether the pattern of mtDNA variation deviated from neutral models, while considering demographic history and coalescence variation, we performed neutral coalescence simulations of mtDNA evolution using the program Bayesian Serial SimCoal (Excoffier et al., 2000; Anderson et al., 2005) . As Bayesian Serial SimCoal simulates genes not individuals, the ploidy of genes was taken into account. That is, the effective population size of mtDNA (N ef ) was 0.5 Â the Ne of diploid individuals ( ¼ 0.25 Â the Ne of autosomal genes) assuming a balanced sex ratio, in which the N e of diploid individuals was the effective population size estimated from IMa (that is, y/4m; J. Hey, pers. comm.) . A generation time of 2 years was used for the simulations. The following demographic model incorporating the IMa and EBSP estimates (see Results and Discussion) was used to simulate neutral mtDNA diversity: two species diverged from each other 1.6 million generations ago when the N ef of their common ancestor was 370 000, the N ef of F. parva remained at a similar and constant size, and F. albicilla experienced a recent population increase (B6X) around 210 000 (B0.5 N ef ) generations ago to a N ef of 410 000. We assumed an B5X population bottleneck in the N ef of F. albicilla when it split from F. parva, which we suggest provides a reasonable test for detecting departure from a neutral pattern. That is, if neutrality is rejected, factor(s) other than a population bottleneck were the cause of the observed low mtDNA polymorphism of F. albicilla. To address uncertainty in the IMa estimates of divergence times and population sizes, we specified simulation parameters as normal distributions, rather than fixed values, with means equal to the values with the highest posterior probability (that is, those described above), covering at least 95% of the posterior distributions. To maintain a model with a population bottleneck followed by a population expansion in F. albicilla, we used the current N ef of F. albicilla to scale all other population sizes and the timing of the population expansion in simulations (Figure 4a ). The simulations used parameters based on the 15 introns, instead of all 17 introns, considering the potentially non-neutral patterns of 00132 and ABCA1, although the results of the two data sets were similar (see Results).
The substitution rates of mtDNA used for the simulations were estimated based on the results of this study. As the nucleotide difference between the two species were 0.06854, 0.06069 and 0.05027 in ND2, Cytb and COI, respectively (see Table 1 ), and the divergence time was about 3.327 million years (IMa estimate based on the 15 introns; see Table 2 ), the substitution rates of the three mtDNA regions were 0.0103, 0.0091 and 0.0076 per site per million years, respectively. In addition, we used the substitution rates estimated from Hawaiian honeycreepers, which are possibly more applicable to recent divergence (Lerner et al., 2011) , for simulation. Those were 0.029, 0.014 and 0.016 per site per million years for ND2, Cytb and COI, respectively.
We simulated 100 000 data sets with the same sequence lengths and sample sizes as the empirical data for F. parva and F. albicilla. The p values of the simulated data, calculated by Bayesian Serial SimCoal, were compared with those of the empirical data to test whether the mtDNA genetic diversity of the two species departed from neutral expectations.
We also applied the coalescence simulation test to 00132 and ABCA1 to examine whether they departed from neutral expectations and whether the patterns of low variation in mtDNA were more extreme than those in the two introns. The N e of (autosomal) 00132 and (Z-linked) ABCA1 were assumed as 2 Â and 1.5 Â the N e of diploid individuals, respectively. The substitution rates of 00132 and ABCA1 used for the simulations were estimated using the same approach as that for mtDNA and were 0.0008251 and 0.001686 per site per million years, respectively. Other simulation settings were the same as those for mtDNA.
Test for direct positive selection on mtDNA
The widely used M-K test (McDonald and Kreitman, 1991) for direct positive selection could not be used in this study owing to the absence or low numbers of nonsynonymous polymorphisms in the mtDNA genes of the two study species. Thus, we devised a test based on the distribution of nonsynonymous and synonymous interspecific differences between transmembrane (TM) and FIPA) and N e(anc), respectively. M 1 indicates the number of individual per generation migrating from F. parva to F. albicilla and M 2 indicates the migration in the other direction. t indicates the divergence time between the two species in the unit of years. These analyses are based on 15 introns, 17 introns and 17 introns plus one exon, respectively. HiSmth indicates the value of the highest posterior probability after being smoothed using surrounding points. 95Lo indicates the value to which 2.5% of the total distribution lies to the left. 95Hi indicates the value to which 2.5% of the total distribution lies to the right.
surface (SF) segments of mtDNA genes (see Wise et al., 1998) . If positive selection directly targets mtDNA gene function, nonsynonymous substitutions should be concentrated in TM segments that are subject to more stringent structural and functional constraints (Tourasee and Li, 2000) . The crystallized chicken Cytb protein (3170C.pdb) and bovine heart COI protein (2occA.pdb) were used as templates to model the three-dimensional structures of the two proteins for F. parva and F. albicilla using the SWISS-MODEL online server (Arnold et al., 2006 ; online server at http://swissmodel.expasy.org/). The protein structures and the locations of amino acid replacements were visualized using the program Swiss-PdbViewer v4.02 (Guex and Peitsch, 1997) . The TM and SF segments of the Cytb and COI proteins were predicted using MEMSAT (Jones et al., 1994) through the SWISS-MODEL server. We were unable to model the protein structure of ND2 because a crystallized template was not available. Thus, the TM and SF segments of the ND2 protein were predicted using the program HMMTOP v2 (Tusnády and Simon, 2001 ; the online server at http://www.enzim.hu/ hmmtop/index.html). We also used HMMTOP to predict TM and SF segments for the Cytb protein and found that the HMMTOP and MEMSAT predictions were very similar and the results of Fisher's exact tests based on the two predictions were the same. Thus, predictions of the two programs were compatible.
We separated the fixed substitutions between the two species into four categories, TM nonsynonymous, SF nonsynonymous, TM synonymous and SF synonymous substitutions, to conduct Fisher's exact tests. The ratio of TM synonymous to SF synonymous substitutions revealed relative mutation rates between TM and SF and was used to test whether the distribution of nonsynonymous substitutions was skewed. We applied this test to the ND2 and Cytb but not to the COI because there was only one fixed nonsynonymous substitution between the two species.
We further used PROVEAN v.1.1.2 online server (Choi et al., 2012 ; online server at http://provean.jcvi.org/index.php) to examine whether the nonsynonymous substitutions between the two species' mtDNA have significant effect in protein function. PROVEAN assesses the effect of a substitution based on its resulting change in sequence similarity of a query protein to homologous proteins. The protein database was set as 'NCBI nr, September 2012' and the default delta score threshold ( À2.5) was used. The RPOVEAN prediction was applied to the ND2, Cytb and COI data.
RESULTS
Genetic diversity of mitochondrial and nuclear genes
The p values for F. albicilla (average of ND2, Cytb and COI ¼ 0.00007 ± 0.00005 (s.e.)) were consistently lower than those of F. parva (average ¼ 0.00141 ± 0.00029) in the three mtDNA genes, although the p values of F. albicilla were not zero for Cytb (0.00016) or COI (0.00005) as was found for ND2 (Table 1 and Figure 2 ). There were three Cytb haplotypes in 25 F. albicilla individuals; however, two singleton haplotypes differed only by one bp from the most frequent one. There were two COI haplotypes in 26 F. albicilla individuals, one of which was one singleton differing by one bp from the most frequent one. In contrast, p for the nuclear loci was not significantly different between the two species (0.00536±0.00116 for F. albicilla. and 0.00546 ± 0.00086 for F. parva at introns, P ¼ 0.936, paired Student's t-test; 0.00164 for F. albicilla. and 0.0027 for F. parva at Mc1r; Figure 2 ). Two introns had no genetic variation among the samples of one species. Those were 00132 in F. albicilla and ABCA1 in F. parva (Table 1) . Most introns (15/17) contained one to six indels ranging from one to 61 bp (Table 1) . No intra-locus recombination was detected in the 18 nuclear loci.
Allele networks of nuclear genes Most nuclear networks (13/18) supported the split of the two species except for 09385, 11074, MPP, TGFB2-I5 and ABCA1, which were unresolved and therefore not conflicting (Supplementary Figure 1) .
Demographic and divergence history
The IMa analyses based on the 17 introns suggested similar effective population sizes for F. parva (654 876; 95% CI ¼ 524 777-837 710) and F. albicilla (754 922; 95% CI ¼ 610 042-952 169; Table 2 ). The effective population size of their common ancestor (663 658; 95% CI ¼ 389 416-1 259 636) was similar to those of the two species. The divergence time between the two species was estimated at 3 112 058 (95% CI ¼ 2 492 660-4 169 719) years ago. There has been no gene flow between the two species ( Table 2) . The analyses based on the 17 introns plus one exon and 15 introns excluding 00132 and ABCA1 suggested similar histories as those based on the 17 introns ( Table 2) .
The EBSP analyses, however, suggested that F. albicilla experienced a recent population expansion, whereas F. parva has had a stable effective population size based on the 17 introns ( Figure 3 ; the 95% CIs of the number of size-change steps were 1-2 for the former and 0-1 for the latter). The EBSP results based on the three data sets suggested similar history of a population expansion in F. albicilla and a stable population for F. parva (data not shown).
Modeling current and historical distributions of the two species
The ENMs for both species suggested that their ranges were reduced at the LGM compared with the LIG and present (Supplementary Figure 2) . However, there was no evidence for a dramatic range contraction during the past 120 000 years that would explain the extremely low mtDNA variability in F. albicilla.
Neutrality tests
The DHEW tests suggested that the pattern of concatenated mtDNA sequences for F. albicilla was consistent with positive selection or selective sweeps (P ¼ 0.00034) but not for that of F. parva (P ¼ 0.12).
The ML-HKA tests rejected the neutral model in which the three mtDNA genes were added individually or in concert for both F. albicilla (Pp0.000015) and F. parva (P ¼ 0.0012-0.0222), indicating a non-neutral pattern of variation in mtDNA. However, the ML-HKA tests could not reject the neutral models for Mc1r, 00132 and ABCA1 in either species (P ¼ 0.161-0.599) except for ABCA1 in Figure 2 Nucleotide diversity (p) of three mtDNA genes, 17 introns and one exon of F. parva (gray bars) and F. albicilla (white bars). Shown are the means and SE for mtDNA and introns.
F. parva, for which the neutral model was marginally rejected (P ¼ 0.0494).
The results of DHEW and ML-HKA tests collectively suggested that the mtDNA variation of F. albicilla departed from neutral expectation, whereas selection was less likely an influence on F. parva.
Testing mtDNA neutrality using simulations The comparison of the simulated and empirical data rejected a neutral pattern for the mtDNA of both F. parva and F. albicilla. The empirical p value of ND2 in F. albicila was lower than the range of p values of the simulated neutral data and that in F. parva was lower than the 99.99% range of the simulated p values based on the substitution rates estimated in this study ( Figure 4b) ; the empirical p values of ND2 in both species were also lower than the range of the simulated p values based on the substitution rate of Lerner et al. (2011) (data not shown). The same result was found for the Cytb and COI data for both species (data not shown). values for 100 000 neutrally simulated ND2 data sets in F. parva (grey bars) and F. albicilla (white bars). The grey triangle represents the empirical p value of ND2 in F. parva and the white one for F. albicilla.
The simulation results rejected a neutral pattern for ABCA1 in both species with lower confidence than those for mtDNA but could not reject a neutral pattern for 00132 in either species. The empirical p values of F. albicilla and F. parva for ABCA1 were out of the 95% range but were within the 99% range of the simulated ones (Supplementary Figure 3) . Noticeably, the former was located in the upper tail of the range (that is, non-neutrally high polymorphism) and the latter was in the lower tail of the range (that is, non-neutrally low polymorphism). In contrast, the empirical p values of both species for 00132 were within the 90% range of the simulated ones (Supplementary Figure 3) .
Test for direct positive selection on mtDNA Nonsynonymous substitutions tended to occur in the TM regions (12 TM:1 SF) of the ND2 protein more than synonymous ones between the two study species (30 TM:24 SF; P one-tail ¼ 0.012, Fisher's exact test; Table 3 ). We also found more TM nonsynonymous substitutions (n ¼ 8) than SF nonsynonymous substitutions (n ¼ 1) in the Cytb protein (Table 3 ; Supplementary Figure 4) , although the TM:SF ratios of nonsynonymous and synonymous substitutions were not significantly different (P one-tail ¼ 0.083; Table 3 ).
PROVEAN predicted that three TM nonsynonymous substitutions in ND2 between the two species, Threonine (F. albicilla) to Isoleucine (F. parva) at the 18th codon, Isoleucine (F. albicilla) to Threonine (F. parva) at the 19th codon and Threonine (F. parva) to Alanine (F. albicilla) at the 152th codon could change protein function. No nonsynonymous substitutions in the Cytb and COI data were predicted to have a functional effect.
DISCUSSION
Contrasting genetic diversity between mtDNA and nuclear DNA (ncDNA) One explanation for the lack of polymorphism in the ND2 of F. albicilla is that inadvertently sequenced pseudogenes. However, mtDNA polymorphism in F. albicilla was consistently lower than that in F. parva across ND2, Cytb and COI. Therefore, it is unlikely that nuclear copies of mtDNA were sequenced in all three regions because they were well separated throughout the mtDNA genome. Furthermore, (1) the PCR products for ND2 derived from four primer pairs returned the same sequencing results, (2) there were no indels or stop codons found in ND2 and (3) correct sister relationships between the two species and between their clade and the other clade containing F. hypoleuca, F. albicollis, F. speculigera and F semitorquata were obtained based on the ND2 data (results not shown). Together, these observations support the mitochondrial authenticity of the ND2 data.
In contrast to the mtDNA data, the ncDNA polymorphism levels and the estimated N e based on multiple nuclear genes were similar between F. albicilla and F. parva. Therefore, difference in N e is not an explanation for the lower level of mtDNA polymorphism in F. albicilla. However, the EBSP revealed a recent population expansion in F. albicilla but not F. parva. Thus, the effect of historical population changes on mtDNA patterns should be considered. In addition, this result can be confounded by large standard errors in mtDNA diversity due to stochastic coalescence processes (Edwards and Bensch, 2009 ). Thus, repeated coalescence simulations based on population history, which we did in this study, are needed to confirm whether these striking patterns depart from neutral expectation.
Departure from neutral patterns in mtDNA The seeming disagreement between the EBSP and IMa estimated histories could be caused by the simplified model of IMa. On the other hand, the EBSP estimate of population size and expansion timing varied with the choice of a reference locus. For example, the current effective population size of F. albicilla was estimated as 23 500 when ADAMTS6 was assigned as the reference locus, whereas the estimated size was 867 000 when 15743 was used. The initial time of the F. albicilla population expansion was around 12 000 and 390 000 years ago when ADAMTS6 and 15743 were the reference loci, respectively. Nevertheless, the extent of population increase (B6X) and the ratios of the initial time of the population expansion to the current population size (B0.5) were consistent across different reference loci. Thus, we incorporated the IMa and EBSP results for coalescence simulations to take the advantage of precise IMa estimates, which are based on the geometrical mean of substitution rates for all loci, and explicit demographic fluctuation revealed by EBSP (see Materials and Methods).
Neutral coalescence simulations predicted slightly lower p values in F. albicilla than for F. parva; however, the difference was not significant (Figure 4b ). Thus, different demographic histories are unable to explain the different levels of mtDNA diversity between the two species.
The low mtDNA diversity in F. albicilla departed from the neutral expectation based on our simulations. Therefore, the modeled bottleneck cannot explain such low mtDNA variation observed in F. albicilla. However, the bottleneck (with a magnitude of B5X) we modeled is much less severe than typically expected for great genetic effect (Nei et al., 1975) , although the magnitude of population reduction we assumed was consistent with our multilocus estimates. It explains the observed mtDNA results of the DHWE and ML-HKA tests, which suggested that selection is likely responsible for the low mtDNA diversity of F. albicilla.
The observed mtDNA diversity of F. parva was also significantly lower than the neutral expectation, which is supported by the ML-HKA test but not the DHEW test. The inconsistent results between the DHEW test and the ML-HKA test or the coalescence simulation approach could be due to the strengths and sensitivities of the tests. In particular, the DHEW test can be more conserved because it integrates multiple tests. The mtDNA diversity of F. parva (p S (synonymous nucleotide polymorphism) ¼ 0.0047±0.0006, p N (nonsynonymous nucleotide polymorphism) ¼ 0.0003±0.0002) is lower than other avian species (p S ¼ 0.02-0.06, p N ¼ 0.0015-0.005 for 72 avian species; see Hughes and Hughes, 2007) . Of course, the mtDNA diversity of F. albicilla is even lower. The mtDNA variation patterns of the two flycatchers were anomalously low for birds.
The fact that the two introns ABCA1 and 00132 were fixed in F. parva and F. albicilla, respectively, points to the possibility that the low mtDNA variation in the two species could happen by chance. The coalescence simulation approach and the ML-HKA test could marginally reject a neutral model for ABCA1 but could not for 00132.
Although the results are mixed, they suggest that the magnitude of departure from neutral expectation for mtDNA is more extreme than that for the two introns, and unlikely to happen by chance.
Tests for positive selection targeting mtDNA The TM segments of ND2 accumulated more nonsynonymous substitutions than the SF segments between the two flycatchers. This result differs from some studies. Kerr (2011) found that nonsynonymous substitutions were equally distributed between helix (primarily TM) and loop (primarily SF) sites based on the COI data of 43 avian species across 12 orders; he found no evidence for a selective sweep in the avian COI data. Tourasse and Li (2000) reported that the TM segments of proteins accumulated fewer nonsynonymous substitutions than the SF segments in mammals across six orders and suggested that the TM segments were subject to more stringent structural constraint. The contrasting patterns between this study and others imply that the ND2 protein of either F. parva or F. albicilla or both may be targeted by positive selection. Although relaxed purifying selection can also lead to elevated nonsynonymous substitutions in one or both types of segments, it should not lead to extremely low levels of genetic variation. In addition, coalescence analyses suggested a stable population size for F. parva and a recent or ongoing population expansion in F. albicilla, which impede relaxation of purifying selection (Ohta, 1973) . Thus, positive selection is more likely to be the explanation for the observed pattern rather than relaxed purifying selection. Furthermore, three TM nonsynonymous substitutions in the ND2 between the two study species were predicted to cause functional change in the protein. Table 2 ). The results imply positive selection on novel advantageous mutations in each of the two study species. Additional studies on mechanistic links between phenotypic or physiological changes and genetic substitutions and consequent ecological interactions are warranted. Despite the plausible evidence found here supporting positive selection directly targeting the mtDNA ND2 gene, alternative hypotheses such as mitochondrialnuclear coadaptation (Gershnoi et al., 2009) and selective sweeps caused by linkage to either other mtDNA genes (Oliveira et al., 2007) or the W chromosome due to shared segregation process (Berlin et al., 2007) are worthy of further investigation.
The phylogeography of the two flycatchers based on selected mtDNA, ncDNA and ENMs The multilocus analyses suggested that F. albicilla and F. parva, which had long been considered conspecific, diverged from each other around 3 million years ago. The well-sorted nuclear genes (Supplementary Figure 1) supported their taxonomic split, which was based on distinguishable plumage characters (Cramp and Perrins, 1993) and highly diverged mtDNA .
The ENMs for the two species exhibit characteristic features of northern hemisphere species that experienced southward range retractions during the LGM, followed by northward advance, despite the lack of major ice sheets occurring in northern Asia (Adams, 2002) .
The magnitude of range contraction at the LGM relative to the LIG and the present is not commensurate with the near absence of mtDNA variation in F. albicilla. Although the timing of the population fluctuations suggested by the genetic analyses apparently predate the range fluctuations since the LIG, the ncDNA results suggest no distinct differences in population history between the two species, which the ENMs confirm for at least the past 120 000 years.
The ENMs help to reconstruct the selection-driven history of the mtDNA. The time from introduction to fixation of a favored haplotype in a population is B2 ln (2N)/s, where N is the population size of the focal gene and s is the selection coefficient (Stephan et al., 1992) . Assuming that s acting on F. albicilla's mtDNA is within the range of those on color polymorphisms across diverse taxa, 0.013-0.67 (Hoekstra et al., 2004) , the fixation time is 41-2095 generations if N is set as the current effective population size (410 000), or 35-1822 generations if the N is set as that before the recent population expansion (70 000; Figure 4a) . Thus, the dominant haplotype in the mtDNA of F. albicilla would have arisen and spread when this species was experiencing a post-LGM population expansion. It is consistent with the theoretical prediction that the fixation frequencies of advantageous mutations increase with population sizes (Meiklejohn et al., 2007) .
Therefore, demographic and selective forces might have worked in concert to lead to the unique pattern in which there is almost no mtDNA variation in F. albicilla, across an area of 5000 km. One has to assume that if a highly advantageous mutant arose, presumably in a single female, a high level of gene flow was needed to lead to its rapid spread over a maximum of 2095 generations (ca. 4190 years). Thus to explain the current distribution of mtDNA variation in F. albicilla, both a high selection coefficient and a high level of gene flow are inferred.
CONCLUSION
The simulations and ML-HKA and DHEW tests indicate that the unusually low mtDNA variation of F. albicilla has mainly been driven by selection and that demographic history alone has had little impact, although high levels of gene flow are required to explain the distribution of the common mtDNA haplotype. The mtDNA variation of F. parva has also been reduced by selection, but to a lesser extent compared with F. albicilla. It is possible that selection strength is lower or selection operates too recently to reach fixation in the mtDNA variation of F. parva. The TM-skewed nonsynonymous substitution distribution and the functional change caused by TM amino-acid substitutions in ND2 imply that positive selection has drastically reduced mtDNA variation, although the possibility that selection on linked (such as other mtDNA genes) or functionally associated genes causes their low mtDNA variation cannot be completely ruled out. This study presents a clear case that demonstrates how natural selection can shape genetic variation within and among populations.
A number of published studies (for example, Edwards and Bensch, 2009; Galtier et al., 2009) have claimed that natural selection on mtDNA is sufficiently pervasive to prevent phylogeographic inference. We found strong evidence of selection on the mtDNA of these flycatchers, especially F. albicilla. However, we suggest that three important inferences can be obtained from the mtDNA pattern, even if it was influenced by natural selection. First, the mtDNA data corroborate the species limits, which are revealed in morphology and nuclear genes. Second, the existence of the same haplotype across a wide area means that there are no barriers to dispersal, because even if positive selection was the cause of the lack of variability, the favored haplotype cannot occur where individuals do not disperse. Third, the lack of variation suggests that the event leading to the homogenization of the mitochondrial genome was recent and rapid (Przeworkski, 2002) , as otherwise one would expect a series of random point mutations found idiosyncratically across the range. Thus, although the level of variability observed in the mtDNA of F. albicilla is anomalously low, several important evolutionary inferences could be obtained. If we only had nuclear loci, this complex history would not be apparent. Several recent studies compared mtDNA and nuclear genes, discovering intriguing processes of population differentiation, local adaptation or unexpected mtDNA dynamics (for example, Cheviron and Brumfield, 2009; Ribeiro et al., 2011; Pavlova et al., 2013) . Accumulating multilocus studies have shown that when mtDNA is under selection, adding this marker will gain a more comprehensive phylogeographic picture. Lastly, a few persuasive exceptions should not discount the fact that mtDNA often reveals geographically and taxonomically important patterns, especially among recently isolated taxa (Zink and Barrowclough, 2008; McKay and Zink, 2010) .
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